, an ambisense member of the family Bunyaviridae, genus Phlebovirus, is the causative agent of Rift Valley fever, an important zoonotic infection in Africa and the Middle East. Phlebovirus proteins are translated from virally transcribed mRNAs that, like host mRNA, are capped but, unlike host mRNAs, are not polyadenylated. Here, we investigated the role of PABP1 during RVFV infection of HeLa cells. Immunofluorescence studies of infected cells demonstrated a gross relocalization of PABP1 to the nucleus late in infection. Immunofluorescence microscopy studies of nuclear proteins revealed costaining between PABP1 and markers of nuclear speckles. PABP1 relocalization was sharply decreased in cells infected with a strain of RVFV lacking the gene encoding the RVFV nonstructural protein S (NSs). To determine whether PABP1 was required for RVFV infection, we measured the production of nucleocapsid protein (N) in cells transfected with small interfering RNAs (siRNAs) targeting PABP1. We found that the overall percentage of RVFV N-positive cells was not changed by siRNA treatment, indicating that PABP1 was not required for RVFV infection. However, when we analyzed populations of cells producing high versus low levels of PABP1, we found that the percentage of RVFV N-positive cells was decreased in cell populations producing physiologic levels of PABP1 and increased in cells with reduced levels of PABP1. Together, these results suggest that production of the NSs protein during RVFV infection leads to sequestration of PABP1 in the nuclear speckles, creating a state within the cell that favors viral protein production.
F
irst identified in Kenya in the 1930s, Rift Valley fever virus (RVFV) causes a zoonotic disease of medical and financial significance across Africa and the Middle East (1) . RVFV primarily affects livestock, causing acute fever and spontaneous abortion in 80 to 100% of pregnant animals (2, 3) . High rates of mortality are observed in animal infections, with the highest mortality in young animals (4, 5) . Humans may become infected with RVFV from bites of infected mosquitoes or contact with infected animal tissues. RVF in humans typically presents as a mild febrile illness; however, serious complications occur in 1 to 3% of patients, including retinitis leading to blindness, encephalitis, acute hepatitis, hemorrhagic fever, and death (6, 7) . Because of the potential threat that RVFV poses to both human and animal health, it is listed as an overlap select agent on the National Select Agent Registry. No effective interventional therapy for Rift Valley fever is currently available, and thus, a better understanding of the basic molecular biology of the infection might help establish targetable areas of the viral replication cycle.
RVFV, a member of the Phlebovirus genus in the family Bunyaviridae, is an enveloped virus with three RNA genome segments, termed L, M, and S. Within virions, each segment is complexed with the nucleocapsid protein (N) (8) . The RVFV genome segments encode seven proteins, L and M in negative sense and S in ambisense. The L segment encodes the RNA-dependent RNA polymerase (9) (10) (11) . The M segment encodes the two glycoproteins Gn and Gc, as well as a nonstructural protein, NSm, and a protein termed the 78-kDa protein (12, 13) . The glycoproteins are essential for attachment and entry, as well as assembly (14) . While NSm is dispensable for replication in cell culture and animal models, it has been shown to inhibit apoptosis in infected cells (15) (16) (17) (18) . Additionally, NSm has been shown to be important for RVFV infection and transmission in mosquitoes (19) . The S segment encodes the nucleocapsid protein (N) in negative sense and a nonstructural protein, NSs, in positive sense (20) . N has several functions that are important for viral replication. N binds along the length of the viral RNA as a ribonucleoprotein (RNP) complex. Binding of N to the viral RNA is required for viral transcription and replication (21) . Additionally, during assembly, N is thought to interact with Gn to bring the viral RNPs and glycoprotein-containing membranes together prior to release from the cell (14) . NSs is not absolutely required for replication in culture, but viruses lacking NSs are greatly attenuated in animals (22) (23) (24) . NSs has several described functions. NSs directly targets host RNA synthesis by sequestering two components of the TFIIH transcription factor and degrading a third (25, 26) . Additionally, NSs has been shown to have immunomodulatory functions. The expression of NSs leads to a block in the production of antiviral interferons and the degradation of protein kinase R (27) (28) (29) (30) .
Poly(A) binding protein 1 (PABP1) plays an important role in host protein translation. PABP1 binds the 3= poly(A) tail found on most host mRNAs and interacts with the 5= cap-binding eIF4F complex (31) (32) (33) . Interactions between PABP1 and the eIF4F complex member eIF4G have a positive effect on protein translation by increasing eIF4F-cap binding affinity, enhancing the efficiency of ribosome initiation complex formation, and increasing the rate of protein translation (34) (35) (36) (37) .
Many viruses have developed protein translation strategies that allow them to translate viral proteins independently of PABP1. Many of these viruses have been shown to perturb PABP1's loca-tion and/or function, creating a cellular environment in which viral protein translation is favored. For example, the polio virus 3C protease cleaves PABP1, inhibiting translation of host mRNA (38, 39) . Herpes simplex virus (HSV) proteins ICP27 and UL47 both bind to PABP1, leading to a decrease in PABP1's interaction with binding partners eIF4G and PABP-interacting protein 2 (40) . Additionally, PABP1 partially relocalizes to the nucleus during HSV-1 infection (40, 41) . Rotavirus protein NSP3A functionally replaces and evicts PABP1 from the eIF4F complex and leads to nuclear relocalization of PABP1 (42, 43) . Kaposi's sarcoma-associated herpesvirus SOX protein expression leads to PABP1 relocalization to the nucleus (44) . Each of the described perturbations of PABP1 has been hypothesized to be related to the shutoff of host protein synthesis.
Unlike most host mRNAs, phlebovirus mRNAs do not contain poly(A) tails (45, 46) . Thus, the production of RVFV protein is likely independent of PABP1. To date, only one study has appeared in which PABP1 has been studied with a bunyavirus. In that study, infection with Bunyamwera virus (BUNV), a member of the Orthobunyavirus genus, was shown to result in relocalization of PABP1 to the nucleus (47) . The investigators also showed that there was an association of BUNV N and PABP1 in the cytoplasm but did not determine whether the binding was specific or led to nuclear targeting of PABP1. Although BUNV and RVFV share some replication strategies, they differ both in the coding and the function of their NSs proteins. For BUNV, a small (11-kDa) NSs is encoded in an overlapping reading frame with N. For RVFV, ambisense coding produces a 31-kDa NSs. In addition, differing functions of the NSs proteins of orthobunyaviruses and phleboviruses have been identified in several studies (28, 48, 49) . Consequently, it cannot be assumed that findings with BUNV also apply to bunyaviruses in other genera of the family, such as phleboviruses. Here, we have investigated the role of PABP1 in the replication of RVFV. Our findings are consistent with those reported earlier for BUNV but extend those results by more clearly defining a role for NSs in PABP1 perturbation during infection with RVFV, determining that the transcriptional inhibition activity of NSs mediates this phenomenon, and showing a negative correlation between RVFV replication and high levels of PABP1. Additionally, our observation that PABP1 accumulates in nuclear speckles suggests a role for mRNA in this phenomenon.
MATERIALS AND METHODS

Cells and viruses.
Unless otherwise noted, all experiments were performed with HeLa cells and the MP12 strain of RVFV (50) . Hantaan virus (HTNV) (strain 76-118) and Andes virus (ANDV) (strain 808034) infections were performed in A549 cells. HeLa and A549 cells were maintained in modified essential medium (MEM) supplemented with 10% (vol/vol) fetal calf serum (FCS), 75 U/ml penicillin-streptomycin, and 2 mM L-glutamine. Infections were performed by adding virus to cell cultures. Following 1 h of incubation, the inoculum was removed and replaced with fresh MEM. Cells were infected at various multiplicities of infection (MOIs) ranging from 2 to 10.
Immunofluorescence. RVFV-infected samples and accompanying mock-infected samples were fixed by submersion in 4% (wt/vol) paraformaldehyde (PFA) for 10 min. Hantaan and Andes virus-infected samples and accompanying mock-infected samples were fixed by submersion in 10% (vol/vol) formaldehyde for 24 h. After fixation, cells were permeabilized by submersion in ice-cold methanol for 5 min. Nonspecific binding sites were blocked for 1 h at room temperature in 5% (vol/vol) goat serum. Primary antibody incubation proceeded for 1 h at room temperature at antibody-specific optimized dilutions in 5% (vol/vol) goat serum. Cells were washed three times with 1ϫ phosphate-buffered saline (PBS). Secondary antibodies (Alexa Fluor-conjugated goat anti-mouse and/or goat anti-rabbit secondary antibodies [Life Technologies]) were added at a dilution of 1:2,000 for 1 h at room temperature. Cells were then washed three times in PBS and mounted on slides with mounting medium containing diamidino-2-phenylindole (DAPI) (Prolong Gold, Life Technologies). Slides were allowed to cure overnight at room temperature prior to imaging.
As the fixation/permeabilization method can sometimes influence protein localization, a second permeabilization method was tested. For this, cells were fixed by submersion in 4% (wt/vol) PFA for 10 min and permeabilized by submersion in 0.2% (vol/vol) Triton X-100 in water for 10 min. The staining patterns were identical to those observed with methanol permeabilization (data not shown).
Surface sensing of translation (SUnSET) assay. RVFV-infected and accompanying mock-infected samples were treated with MEM containing 5 M puromycin for 30 min prior to cell lysate harvest. Cells were washed two times with PBS and harvested by the addition of lysis buffer (0.5% [wt/vol] sodium deoxycholate, 50 mM Tris, pH 7.5, 150 mM NaCl, 1% [vol/vol] Igepal) with protease inhibitor (Roche Complete Ultra tabs). The protein concentrations were normalized by using the bicinchoninic acid (BCA) assay. Samples were boiled in NuPAGE LDS (lithium dodecyl sulfate) sample buffer with reducing agent (Life Technologies), and proteins were separated by gel electrophoresis and electrotransferred to polyvinylidene fluoride (PVDF) membranes. The blots were probed with antipuromycin antibody to detect newly translated protein.
Microscopy and image processing. All fluorescence microscopy was performed with a Zeiss Axio Observer D1 microscope, with the exception of the images in Fig. 1A , which were obtained with a Nikon Eclipse E600. Contrast enhancement was performed equally on all areas and panels of Fig. 1B and C, 4D, and 5A and C and the puromycin blot shown in Fig. 3 .
Immunoprecipitations. HeLa cells were grown to 80% confluence in 100-mm 2 tissue culture dishes. The plates were either mock infected by the addition of noninfectious medium or infected with MP12 at an MOI of 2. Infection was allowed to proceed for 18 h at 37°C with 5% CO 2 . Cells were washed twice with 10 ml sterile PBS. Lysates were harvested by adding 1 ml of lysis buffer with protease inhibitor per plate, incubating the plates for 5 min on ice, and clarifying the lysates by centrifugation at 15,682 ϫ g for 16 min at 4°C. For RNase treatment, RNase A was added to a final concentration of 0.75 g/l, and samples were incubated at room temperature for 1 h. An amount of 10 g/ml RVFV N antibody was added, and samples were incubated with rotation overnight at 4°C. One-tenth volume of protein G-conjugated magnetic beads (Dynabeads-Life Technologies) were added and incubated with rotation for 30 min at 4°C. Beads were washed twice with 2 to 3 volumes lysis buffer and three times with PBS. Beads were boiled in NuPAGE LDS sample buffer with reducing agent (Life Technologies), and proteins were separated by gel electrophoresis, electrotransferred to PVDF membranes, and detected by Western blot assay.
Transfection. HeLa cells were grown to 75% confluence in MEM supplemented with 10% (vol/vol) FCS. Plasmid DNA was diluted to 1 g/50 l in Opti-MEM. FuGene HD transfection reagent (Promega) was added at a FuGene-to-plasmid ratio of 3 l to 2 g. The FuGene-DNA solution was incubated at room temperature for 15 min and then added dropwise to cells. At 24 h posttransfection, sets of transfected cells were fixed for immunofluorescence assay (IFA) as described above or lysates were harvested for Western blot assay by the addition of lysis buffer.
Actinomycin D treatments. HeLa cells were plated to allow for 75% confluence on the day of infection. Virus was added to cells diluted in growth medium. After 1 h of incubation, the inoculum was removed and replaced with growth medium containing 0.083 g/ml actinomycin D (Sigma). Gates distinguishing high and low PABP1 expressors were drawn based on nontargeting small interfering RNA (siRNA)-transfected controls and PABP1 siRNA-transfected controls. In multiple experiments, siRNA-treated samples did not give two clearly distinct populations. Therefore, gates were drawn that placed a majority of untransfected cells in the PABP1 high gate and a majority of siRNA-transfected cells in the PABP1 low gate. These gates were then applied to all samples.
To . A plasmid encoding the RVFV M segment was provided by Robert Doms (University of Pennsylvania). This construct was codonoptimized for expression in human cells and only contained the coding region of the M segment starting at the fourth ATG start codon, which omits the NSm coding region. For production of the plasmid encoding FLAG-tagged NSm (ZH-501 codon-optimized M segment, amino acids 15 to 130), the NSm region was amplified by PCR and introduced into the pDEST737 destination vector (a gift of Dom Esposito, NCI-Frederick) by standard Gateway cloning approaches. The final construct has a 3ϫ FLAG tag fused in-frame with the N terminus of the NSm domain.
siRNA. HeLa cells were plated in 24-well plates in antibiotic-free MEM with 10% (vol/vol) FCS at 50% confluence 24 h prior to transfection. A lipid transfection reagent (DharmaFect 1) was used to deliver targeted siRNA (Ambion Silencer select) and nontargeting controls at a final concentration of 25 nM (sense sequences; the targeted control proteins were PABP1 [CCUAAAUGAUCGCAAAGUATT], nucleolin [GGA UAGUUACUGACCGGGATT], and 14-3-3 epsilon [GGCAAAUGGUU GAGACUGATT]). For transfections, DharmaFect was diluted 1:10 in Opti-MEM. siRNA stocks (5 M) were diluted 1:20 in Opti-MEM. Following a 5-min incubation at room temperature, dilute DharmaFect and dilute siRNA were combined 1:1 and incubated at room temperature for 20 min. Four volumes of MEM supplemented with 10% (vol/vol) FCS were added to each DharmaFect-siRNA solution, and the solutions were added to cells. At 24 h posttransfection, the medium was replaced with fresh MEM. At 48 h after transfection, cells were infected with RVFV MP12 at an MOI of 2. At 24 h postinfection, the cells were harvested for flow cytometry analysis.
RESULTS
PABP1 relocalizes to nuclear speckles during RVFV infection.
We evaluated PABP1 location and protein associations to determine whether PABP1 was altered during infection with RVFV. We detected neither a degradation of PABP1 nor any change in PABP1's association with eIF4F complex members during infection of HeLa cells with RVFV (data not shown), both of which have been shown to occur during viral infections (38, 39, 43) . To determine whether there was a change in the localization of PABP1 during RVFV infections, we examined infected cells for PABP1 and RVFV N at various times postinfection by immunofluorescence microscopy, with RVFV N staining serving as a marker of infected cells. We first looked at cells 18 to 24 h postinfection and found that PABP1 had largely relocalized to the nucleus, with 89% of cells counted exhibiting nuclear PABP1 staining (Fig. 1A) . To determine when PABP1 relocalization began, we looked at early times postinfection. Newly synthesized RVFV N was first observed at 4 h postinfection (Fig. 1B) . At 4 and 6 h postinfection, RVFV N and PABP1 colocalized in the cytoplasm of infected cells (Fig. 1B) . By 6 h postinfection, we began to detect PABP1 in the nucleus of select cells (Fig. 1B, arrow) . Nuclear PABP1 did not costain with RVFV N.
In light of these findings and those of a previous study showing PABP1 relocalization during infection with the orthobunyavirus Bunyamwera virus (BUNV), we sought to determine whether PABP1 relocalization also occurred in infections with two viruses in the hantavirus genus of the family Bunyaviridae, Hantaan virus (HTNV) and Andes virus (ANDV). We experimentally infected A549 cells with RVFV, HTNV, or ANDV. While PABP1 relocalized during RVFV infection of A549 cells, PABP1 did not relocalize during either of the hantavirus infections. These results indicate that PABP1 relocalization is not a bunyavirus-wide phenomenon (Fig. 1C) .
To determine whether nuclear PABP1 was localized to a specific subnuclear compartment, we infected HeLa cells with RVFV and immunofluorescently colabeled the cells for PABP1 and various markers of nuclear subdomains. In parallel, we stained cells for RVFV N to confirm that 100% of cells in the monolayer were infected in this experiment ( Fig. 2A) . Two nuclear speckle components, SC35 and PABP2, colocalized with nuclear PABP1, while markers of paraspeckles (PSPC1), PML bodies (PML), and histones (histone h3) did not (Fig. 2B ). These observations confirm that during infection with RVFV, PABP1 relocalized to nuclear speckles.
PABP1 relocalization correlates with decreased host protein translation. It has previously been shown that relocalization of PABP1 to the cell nucleus correlates with a decrease in protein synthesis (53) . This indicates a loss of PABP1 function upon relo-calization to the nucleus. We sought to determine whether PABP1 relocalization by RVFV similarly correlated with decreased host protein translation. For this, a time course was performed with mock-infected or MP12-infected cells treated with the addition of puromycin for the detection of protein synthesis by SUnSET assay (54) . Samples were harvested at 0, 6, 18, and 24 h postinfection and probed with anti-puromycin antibody. The 18-h and 24-h MP12-infected samples showed marked decreases in active protein translation compared to the levels of translation at both earlier time points and in mock-infected cells (Fig. 3) . The blots were probed for calnexin as a loading control (Fig. 3) . We noted above that, at 18 h to 24 h postinfection, PABP1 is relocalized to the nucleus in the majority of MP12-infected cells (Fig. 1A) . These observations confirm that the RVFV-mediated nuclear sequestration of PABP1 corresponds to a decrease in host protein translation.
NSs is responsible for PABP1 relocalization. To determine whether a specific RVFV protein was responsible for the PABP1 relocalization, we individually expressed sequences representing the RVFV M and S segments in HeLa cells and then assessed PABP1 localization by immunofluorescence. In parallel with the immunofluorescence studies, we harvested cell lysates to confirm the expression of each transfected protein by Western blot assay (Fig. 4A to C) . A plasmid containing the codon-optimized M segment coding sequence from the fourth start codon was transfected, and expression was detected with an anti-Gn monoclonal antibody. As Gn and Gc are encoded in a continuous open reading frame within the M segment, we assumed that if Gn was detected, Gc was also being produced. We detected a perinuclear staining pattern, which is consistent with the expected Golgi complex localization of Gn and Gc (Fig. 4D) . We did not detect colocalization of PABP1 and Gn or relocalization of PABP1. In contrast, RVFV N gene expression resulted in a cytoplasmic distribution that partially colocalized with PABP1 (Fig. 4D) . No PABP1 relocalization was observed.
To specifically examine the potential roles of the nonstructural proteins, we made use of a partial NSm gene that produced a FLAG-tagged NSm protein. The NSs plasmid used produced a V5-tagged NSs. Immunostaining with anti-FLAG antibodies revealed a diffuse staining pattern for the NSm gene product and colocalization with PABP1 in the cytoplasm but did not result in PABP1 relocalization (Fig. 4D) . Because NSm was so abundant throughout the micrograph, it is likely that the NSm-PABP1 colocalization was due to NSm ubiquity rather than to a specific interaction. In contrast, although only a few cells with NSs were detected by immunostaining with anti-V5 antibodies, those that were observed displayed faint cytoplasmic staining coupled with filamentous nuclear aggregates (Fig. 4D) . Nuclear filaments are consistent with the expected localization of authentic NSs in RVFV-infected cells (55) (56) (57) . PABP1 accumulated in the nuclei of several but not all cells expressing NSs. The relocalization observed upon NSs expression was similar to the PABP1 relocalization seen in RVFV-infected cells (Fig. 4D, arrow) . These results indicated that NSs alone could affect PABP1's localization pattern.
To confirm the involvement of NSs in the observed nuclear PABP1 relocalization, we infected cells with either the MP12 vaccine strain of RVFV or with RVFV MP12rLuc, which was genetically engineered to replace the NSs gene with a luciferase gene (23) . Cells were individually immunostained for N or NSs and assessed by fluorescence microscopy to confirm infection and the presence or absence of NSs protein. Both the RVFV MP12-infected and RVFV MP12rLuc-infected cells exhibited N staining in the cytoplasm (Fig. 5A) . RVFV MP12-infected but not RVFV MP12rLuc-infected cells exhibited NSs staining, observed as nuclear filaments (Fig. 5A) . The absence of NSs staining in RVFV MP12rLuc-infected cells is consistent with the lack of NSs gene in MP12rLuc. Next, we stained RVFV MP12-infected and RVFV MP12rLuc-infected cells with antibodies specific for RVFV N and PABP1 and assessed PABP1 location by immunofluorescence microscopy. Consistent with previous experiments, RVFV MP12-infected cells showed PABP1 relocalization to the nuclei (Fig. 5B,  top) . However, PABP1 remained predominantly cytoplasmic during infection with RVFV MP12rLuc (Fig. 5B, bottom) . These results suggest that, in the absence of NSs expression, RVFV infection does not affect PABP1 localization. Taken together, our results indicate that NSs expression is responsible for the PABP1 relocalization during RVFV infection.
Inhibition of transcription leads to PABP1 relocalization. We next sought to determine whether the known transcriptional inhibition activity of NSs was responsible for PABP1 relocalization. We used actinomycin D, a transcription inhibitor, as a proxy for the transcriptional inhibition activity of NSs. HeLa cells were treated with actinomycin D concurrent with infection by RVFV MP12rLuc virus or mock infection. Following infection and actinomycin D treatment, cells were fixed and immunostained with antibodies specific for RVFV N and PABP1. RVFV MP12rLuc-infected actinomycin D-treated cells exhibited nuclear PABP1 localization that was similar to the relocalization previously seen in cells infected with RVFV MP12 without actinomycin D (Fig. 5C , bottom). Additionally, low-level PABP1 relocalization was observed in mock-infected cells that were treated with actinomycin D alone (Fig. 5C, top) . Mock-infected actinomycin D-treated cells exhibited punctate nuclear and diffuse cytoplasmic PABP1 staining. The nuclear accumulation of PABP1 in actinomycin D-treated mock-infected cells was less robust than that seen in either MP12 infections or MP12rLuc actinomycin D-treated cells. These results indicate that transcriptional inhibition in the context of infection is sufficient to cause PABP1 relocalization and that transcriptional inhibition alone can lead to redistribution of PABP1 to the nucleus.
PABP1 precipitates with N but not NSs or NSm. PABP1's relocalization following actinomycin D treatment was suggestive of an indirect effect of NSs on PABP1. However, we wanted to determine if we could detect an interaction between NSs and PABP1. For this, we performed high-resolution immunofluorescence microscopy of MP12-infected cells to determine whether any PABP1-NSs colocalization could be detected. MP12-infected and mock-infected cells were stained for PABP1 and NSs. In MP12-infected cells, both proteins were found in the nucleus; however, no colocalization was detected and PABP1 appeared to be displaced in some areas where NSs filaments were present (Fig. 6A) . We next wanted to determine whether an interaction could be detected by immunoprecipitation. We used the plasmids described above to overexpress RVFV NSs, partial NSm, and N in 293T cells. The proteins were immunoprecipitated with antibodies specific for V5, FLAG, or N. The resultant immune complexes were immunoblotted with PABP1-specific antibodies to determine if PABP1 was present in the precipitates. The blots were also probed with GAPDH-specific antibodies as a loading control. NSs, NSm, and N were all detected by Western blotting in transfected lysates and transfected precipitated lysates but not in untransfected lysates (Fig. 6B to D) . No PABP1 was detected in NSs or NSm precipitates (Fig. 6B and C) . This indicates that PABP1 does not interact with NSs or NSm and provides further evidence that the influence of NSs on PABP1 is indirect. We did find PABP1 present in samples precipitated with antibodies specific for N (Fig. 6D) .
To confirm that the observed PABP1-N interaction was not merely an artifact of overexpression, we immunoprecipitated proteins from MP12-infected and mock-infected cell lysates with antibodies specific for RVFV N. Lysates were harvested 18 h postinfection. The resultant immune complexes were immunoblotted with PABP1-specific antibodies to determine if PABP1 was present in precipitates. The blots were also probed with GAPDH-specific antibodies as a loading control. Western blots of lysates that had not been immunoprecipitated appeared similar with respect to the presence of PABP1 and GAPDH (Fig. 6E) . RVFV N was present in precipitated and unprecipitated infected lysates but not in uninfected lysates (Fig. 6E ). PABP1 coprecipitated with RVFV N from RVFV-infected lysates but not mock-infected lysates ( Fig. 6E) . A band of slightly lower molecular weight than N was observed in precipitated mock-infected lysates and is presumed to be IgG light chain, which would be expected to be present because of the immune precipitation step performed prior to Western blotting. Additionally, similar results were obtained with lysates harvested 6 h postinfection (data not shown). Coprecipitation of RVFV N and PABP1 is consistent with our immunofluorescence staining results showing colocalization of PABP1 and RVFV N. Both results suggest these two proteins interact during infection.
The PABP1-RVFV N interaction is likely not related to the observed nuclear relocalization of PABP1, as RVFV N overexpression had no effect on PABP1 localization (Fig. 4D) . The significance of the RVFV N-PABP1 interaction is yet to be determined.
RVFV nucleocapsid production is independent of PABP1. To address the consequences of PABP1 nuclear relocalization for RVFV infection, we used siRNA to selectively remove PABP1 from HeLa cells. After siRNA treatment and RVFV infection, we costained cells for PABP1 and RVFV N and then assessed PABP1 knockdown by Western blot assay and measured RVFV N production using flow cytometry. Blots prepared from untreated cells or cells treated with nontargeting control siRNA, transfection reagent alone, or siRNA specific for control proteins (nucleolin, 14-3-3 epsilon, and GAPDH) all appeared to have similar levels of PABP1, whereas the PABP1-specific-siRNA-treated cells showed reduced PABP1 (Fig. 7A) .
Flow cytometry revealed a downward shift in PABP1 fluorescence intensity upon PABP1 siRNA treatment (Fig. 7B , top left versus top right). Gates were drawn that placed a majority of the PABP1 siRNA-treated cells in the box at the lower fluorescence intensity and the majority of nontargeting-siRNA-treated cells in the box at the higher fluorescence intensity. Unfortunately, some overlap of the two populations was unavoidable. We have termed the lower-intensity population PABP1 low and the higher-intensity population PABP1 high (Fig. 7B, top) . PABP1 low cells are presumed to be the cells in which PABP1 production was knocked down, while PABP1 high cells are assumed to be those expressing physiologic levels of PABP1. Both nontargeting-siRNA-treated RVFV MP12-infected cells and PABP1 siRNA-treated infected cells displayed large populations of cells that were predominantly RVFV N positive and small populations of cells that were RVFV N negative (Fig. 7B, bottom) .
To investigate the role of PABP1 during RVFV infection, we measured the percentages of RVFV N-positive cells present in populations treated with PABP1-specific siRNA or nontargeting siRNA. The histograms showed two peaks for RVFV N. The lowerfluorescence-intensity peak present to the left in Fig. 8A represents cells that are not expressing N, and the higher-fluorescence-intensity peak to the right represents cells expressing N. We found that PABP1 knockdown did not alter the overall percentage of RVFV N-positive cells as measured by flow cytometry (Fig. 8A and B) . These results indicated that PABP1 was expendable for RVFV replication, as reflected by the production of N. To directly compare RVFV replication in cells expressing reduced levels of PABP1, we gated on the previously designated PABP1 low or PABP1 high cell populations. The PABP1 high population consistently had a lower percentage of RVFV N-positive cells than the PABP1 low population (Fig. 8C, left) . Combined experiments showed a statistically significant difference between the percentages of RVFV N-positive cells in PABP1 high and PABP1 low cells following PABP1 siRNA treatment but no significant difference following nontargetingsiRNA treatment (Fig. 8C, right, and Fig. 8D ). These results indicate that there is a negative correlation between RVFV replication and high levels of PABP1.
DISCUSSION
Viruses replicate within living cells and depend upon host machinery for their own replication. At the same time, many viruses target host processes to increase the efficiency of viral replication and evade host immune responses. For example, inhibiting various facets of host protein synthesis can both help to subvert an immune response and also free up resources for the virus to use to produce its own proteins. RVFV has previously been shown to inhibit global protein transcription by targeting the TFIIH transcription factor in the nucleus (25, 26) . Here, we have investigated the role of another key factor in host protein production, PAPB1, as it relates to RVFV infection.
PABP1 is a host protein that binds both the eIF4F complex and the 3= poly(A) tail of mRNAs to increase the efficiency of protein translation (31) (32) (33) (34) (35) (36) (37) . Several viruses have been shown to target PABP1 as a means to inhibit host translation and to facilitate viral mRNA translation. RVFV mRNAs are not polyadenylated, making PABP1 a logical target for RVFV. With this in mind, we sought to determine whether PABP1 was altered during infection with RVFV.
Within the family Bunyaviridae, one member of the Orthobunyavirus genus, BUNV, was previously found to perturb PABP1 by causing relocalization of PABP1 to the host cell nucleus (47) . In this study, we showed that RVFV, a member of the Phlebovirus genus of the family Bunyaviridae, also causes relocalization of PABP1 to the host cell nucleus. In contrast, infection with viruses in the Hantavirus genus did not result in PABP1 relocalization. This finding is consistent with earlier observations that both RVFV and BUNV inhibit host protein synthesis, while hantaviruses do not (58) (59) (60) . Relocalization of PABP1 to the host cell nucleus following stress has been shown to correlate with decreases in host protein synthesis (53) , indicating a loss of PABP1 function upon relocalization. We showed here that RVFV's sequestration of PABP1 in the host cell nucleus corresponded to a sharp decrease in translation of host proteins.
Also similar to results from the earlier study with BUNV, we showed that RVFV does not require PABP1 for replication. The absence of a requirement for PABP1 was evidenced by continued RVFV protein production when PABP1 was selectively removed from cells by siRNA treatment. Furthermore, when we directly compared cells producing reduced amounts of PABP1 to those producing physiologic levels of PABP1, the cells producing physiologic levels of PABP1 exhibited a significantly lower percentage of RVFV N-positive cells than the PABP1-depleted cells. The observed change in infection suggests that lower cellular levels of PABP1 are beneficial to the virus. While RVFV infection itself does not lower cellular levels of PABP1, nuclear sequestration of PABP1 during infection functionally removes PABP1, presumably creating a similar benefit for the virus. We speculate that the beneficial effect of PABP1 removal is the result of reduced competition between the RVFV mRNAs and host mRNAs for translational machinery when PABP1 is scarce. Our studies do not rule out the possibility that the seemingly preferential infection of cells producing small amounts of PABP1 is due to a dampening of the antiviral response related to reduced host protein translation.
To attempt to uncover the underlying mechanism by which RVFV causes PABP1 to relocalize to the nucleus, we studied the effects of expressing genes encoding individual M and S segment structural and nonstructural proteins. We found that only the NSs gene product had a discernible effect on PABP1 subcellular localization. Likewise, a recombinant RVFV in which the NSs gene was replaced with a luciferase gene did not cause PABP1 relocalization. These results differ from those obtained with a genetically engineered BUNV without an NSs gene, which was still able to cause nuclear relocalization of PABP1. Such a difference is probably not surprising given the drastically different NSs proteins of orthobunyaviruses and phleboviruses, with the smaller BUNV NSs encoded in an overlapping reading frame with N and the RVFV NSs encoded in an ambisense subgenomic mRNA.
As previously noted, one of the most striking activities of RVFV's NSs is its ability to shut down general host transcription. We used actinomycin D to test whether exogenous inhibition of transcription could restore PABP1 relocalization during infection with RVFV lacking NSs. It did, and additionally, transcription inhibition in the absence of infection led to PABP1 relocalization. We noted a more robust relocalization in cells that were both infected with RVFV MP12rLuc and treated with actinomycin D. As various cell stressors have been shown to lead to PABP1 relocalization, it is possible that factors related to the stress of infection also contribute to relocalization of PABP1 (41, 61, 62) . We concluded that PABP1 relocalization is likely secondary to the NSs host transcription block.
While predominantly cytoplasmic, PABP1 is a dynamic protein that shuttles between the cytoplasm and the nucleus. Recent studies of the nuclear import and nuclear export mechanisms of PABP1 have revealed an important role for RNA in both processes. PABP1 contains four RNA recognition motifs (RRMs) that are responsible for its RNA binding activity. It has recently been hypothesized that a nontraditional nuclear localization sequence (NLS) resides within the RRM. Kumar et al. demonstrated that the presence of poly(A) RNA antagonizes PABP1's ability to interact with nuclear import factors and a depletion of poly(A) RNA from the cytoplasm results in PABP1 relocalization to the nucleus (63) . They propose a model in which poly(A) RNA binds PABP1, masking an NLS and thus preventing translocation into the nucleus. Conversely, when PABP1 is not bound by poly(A) RNA, it is translocation competent (63) . It follows that, under normal conditions, when cytoplasmic levels of poly(A) RNA are relatively high, PABP1 remains predominantly cytoplasmic. Under conditions that alter poly(A) RNA levels, such as infection, this balance could be disrupted, allowing free PABP1 to accumulate in the nucleus. With the production of new mRNA being halted by RVFV NSs-mediated inhibition, the cytoplasmic pool of mRNA would become depleted due to normal mRNA degradation and turnover. Under such circumstances, one might expect PABP1 to accumulate in the nucleus, as is seen during infection.
Furthermore, the export of PABP1 from the nucleus has been linked to both ongoing transcription and mRNA export from the nucleus (53, 64) . NSs shuts down host transcription and could thereby arrest nuclear export of PABP1. A potential increase in nuclear PABP1 import from an imbalance of poly(A) RNA coupled with a decrease in PABP1 nuclear export provides a likely explanation for PABP1 nuclear accumulation during infection. This is consistent with our observations that actinomycin D led to PABP1 nuclear accumulation.
Our study not only revealed that PABP1 relocalized to the nucleus of RVFV-infected cells, it also showed that PABP1 specifically accumulated in nuclear speckles, which are structures enriched in splicing proteins that are needed for processing pre-mRNA (65) . These findings are consistent with previous observations that PABP1 can relocalize to speckles when transcription is inhibited (61) and that blocking transcription leads to the accumulation of poly(A) RNA in nuclear speckles (66) . The accumulation of poly(A) RNA in nuclear speckles provides an attractive explanation for the accumulation of PABP1, a poly(A) RNA binding protein, in the speckles.
In summary, we show for the first time that RVFV infection results in disruption of the normal distribution of PABP1, resulting in a selective obstruction of host protein production while allowing viral protein production to proceed.
